Hare GM. Red Blood cell antibody-induced anemia causes differential degrees of tissue hypoxia in kidney and brain. Moderate anemia is associated with increased mortality and morbidity, including acute kidney injury (AKI), in surgical patients. A red blood cell (RBC)specific antibody model was utilized to determine whether moderate subacute anemia could result in tissue hypoxia as a potential mechanism of injury. Cardiovascular and hypoxic cellular responses were measured in transgenic mice capable of expressing hypoxia-inducible factor-1␣ (HIF-1␣)/luciferase activity in vivo. Antibody-mediated anemia was associated with mild intravascular hemolysis (6 h) and splenic RBC sequestration (day 4), resulting in a nadir hemoglobin concentration of 89 Ϯ 13 g/l on day 4. At this time point, renal tissue oxygen tension (PtO2) was decreased in anemic mice relative to controls (13.1 Ϯ 4.3 vs. 20.8 Ϯ 3.7 mmHg, P Ͻ 0.001). Renal tissue hypoxia was associated with an increase in HIF/luciferase expression in vivo (P ϭ 0.04) and a 20-fold relative increase in renal erythropoietin mRNA transcription (P Ͻ 0.001) but no increase in renal blood flow (P ϭ 0.67). By contrast, brain PtO2 was maintained in anemic mice relative to controls (22.7 Ϯ 5.2 vs. 23.4 Ϯ 9.8 mmHg, P ϭ 0.59) in part because of an increase in internal carotid artery blood flow (80%, P Ͻ 0.001) and preserved cerebrovascular reactivity. Despite these adaptive changes, an increase in brain HIF-dependent mRNA levels was observed (erythropoietin: P Ͻ 0.001; heme oxygenase-1: P ϭ 0.01), providing evidence for subtle cerebral tissue hypoxia in anemic mice. These data demonstrate that moderate subacute anemia causes significant renal tissue hypoxia, whereas adaptive cerebrovascular responses limit the degree of cerebral tissue hypoxia. Further studies are required to assess whether hypoxia is a mechanism for acute kidney injury associated with anemia. acute kidney injury; anemia-induced tissue hypoxia; subacute anemia
INTRODUCTION
Anemia has been associated with an increased risk of acute kidney injury (AKI) (17, 18, 20, 27, 28) , stroke (17, 20, 27) , myocardial events (6, 11, 20, 28, 47) , and mortality (1, 2, 10, 11, 17, 20, 27, 28, 36, 45, 47) in patients undergoing surgery. While the mechanism(s) has not been clearly defined, anemiainduced tissue hypoxia remains a potential candidate. This possibility is supported by clinical studies that demonstrate that the degree of organ injury is proportional to the severity of acute anemia in surgical patients (16, 20, 25) . Furthermore, animal studies demonstrate that the magnitude of anemiainduced tissue hypoxia is also proportional to the severity of acute anemia (42, 43) . These data suggest that a progressive reduction in blood oxygen (O 2 ) content and limited tissue oxygen delivery (tissue hypoxia) may contribute to the underlying mechanism of anemia-induced organ injury.
Of interest is that the kidney appears to be more susceptible to anemia-induced injury relative to other organs, such as the brain, as the prevalence of AKI is greater than that of stroke in anemic patients undergoing surgery (20, 28) . Surprisingly, even moderate levels of preoperative anemia [hemoglobin (Hb) concentrations between 80 and 100 g/l] have been associated with an increased risk of renal injury {odds ratio (OR): 1.38 [95% confidence interval (CI) 1.18 -1.62], P Ͻ 0.05} (28) .
A clearer understanding of the potential mechanisms by which this pattern of injury occurs may be gained by reviewing the well-characterized adaptive physiological responses to acute and chronic anemia (3, 29, 41, 42) . The cardiovascular adaptations include an increase in cardiac output and a preferential redirection of blood flow to vital organs with high metabolic oxygen requirements, including the brain and heart (3, 32, (41) (42) (43) (44) . By contrast, no or limited increases in renal blood flow are observed during acute hemodilution (15, 42) , leading to earlier and more severe renal tissue hypoxia (5, 38) , and an increase in the magnitude of hypoxia signaling responses, including stabilization of the transcription factor hypoxia-inducible factor-␣ (HIF-␣) (42, 43) . This pattern of organ perfusion during anemia may explain why the kidney is more susceptible to tissue hypoxia and injury relative to the brain.
This background led us to assess the impact of moderate subacute anemia on oxygen delivery to the kidney and brain in an animal model. This model approximates the degree and time course of anemia in perioperative patients. We want to test the overarching hypothesis that moderate subacute anemia results in tissue hypoxia. We were also interested in determining whether the level of anemia-induced tissue hypoxia was different between the kidney and the brain. To test this hypothesis, we utilized a novel model of subacute anemia induced by a red blood cell (RBC)-specific antibody (TER119) (4, 48) . As previously described, TER119 is a monoclonal antibody specific to the glycophorin-A complex on the surface of RBC. Intravenous administration of this antibody induces a moderate degree anemia over a span of days, resulting in a subacute anemia (4, 19) . Real-time cellular adaptation to anemia was assessed with a transgenic mouse ubiquitously expressing a luciferase reporter gene fused to the oxygen degradationdependent (ODD) region of HIF-1␣ (33) . We also characterized the cardiovascular and HIF-dependent mRNA responses to anemia-induced tissue hypoxia in the kidney and brain.
MATERIALS AND METHODS
Animals. Animal protocols were reviewed and approved by the Animal Care Committees at St. Michael's Hospital and at The Centre for Phenogenomics and conducted in compliance with the Canadian Council on Animal Care and ARRIVE guidelines. HIF-ODD luciferase mice were purchased and bred in house [FVB.129S6-Gt(ROSA)26Sor tm2(HIF1A/luc)Kael /J; The Jackson Laboratory, Bar Harbor, ME]. As previously described, this strain is of the FVB background and has firefly luciferase fused to the ODD region of HIF-1␣ (33) . A total of 270 heterozygous male HIF-ODD mice (10 Ϯ 2 wk) were utilized for all experiments (control: n ϭ 124, anemia: n ϭ 138, untreated: n ϭ 8). In addition, a magnetic resonance anatomic assessment was performed in three wild-type mice. For all experiments, the mean weights were comparable between groups (control: 26.4 Ϯ 2.4 g; anemia: 26.5 Ϯ 2.4 g; untreated: 26.9 Ϯ 1.5 g; P ϭ 0.86). Animals had access to food and water ad libitum in a pathogen-free facility with a 12:12-h light-dark cycle. All experiments were conducted during the light cycle. As aligned with previous protocols, spontaneously breathing mice were anesthetized with 2% (vol/vol) isoflurane in 21% O2 at a flow rate of 2 l/min via nosecone for all experiments, except for experiments following the ultrasound biomicroscopy protocols that utilized 1.5% isoflurane. In addition, core body temperature was monitored by rectal probe and maintained by a heat pad between 36 and 37°C. Hb concentrations were measured by a Hemocue Hb201ϩ analyzer (Radiometer, Angelholm, Sweden) from 10-l blood samples collected via tail nick.
Antibody-induced anemia. RBC-specific antibody (TER119) or isotype control (Rat IgG2␤) was administered to anesthetized mice via tail vein (1 g/g body weight; BioXCell, West Lebanon, NH). Stock aliquots of TER119 or rat IgG2␤ were stored at Ϫ80°C and diluted with saline.
Degree of anemia induced by RBC-specific antibody. Hb values were assessed over a 14-day period in mice injected with control antibody (n ϭ 11), RBC-specific antibody (n ϭ 16), and a subgroup of mice reinjected with a second dose of antibody at the day 4 time point (control: n ϭ 6; anemia: n ϭ 6).
Plasma hemoglobin, spleen, and liver weight. Blood was collected from the abdominal aorta of control (n ϭ 56) and anemic mice (n ϭ 57) at different time points following antibody injection (1, 6, and 12 h and 1, 2, 3, 4, 7, and 14 days following injection; day 4 time point: control n ϭ 8, anemia n ϭ 9; all other time points: control n ϭ 6, anemia n ϭ 6). Blood was centrifuged at 1,400 g for 10 min at 4°C to separate and obtain plasma. Blood and plasma Hb was assessed by co-oximetry (ABL800Flex; Radiometer). Mouse spleen and liver were excised and weighed following blood extraction. Plasma Hb, spleen, and liver weights were measured in untreated mice (n ϭ 8) to provide reference baseline values.
Peripheral arterial oxygen saturation. Pulse oximetry was utilized to measure peripheral arterial oxygen saturation (S pO2) on the right thigh of anesthetized mice (control n ϭ 6, anemia n ϭ 6, MouseOx; Starr Life Sciences, Oakmont, PA;). S pO2 values were recorded every 4 s and averaged over a 10-min time period.
Ultrasound biomicroscopy. A high-frequency ultrasound biomicroscope (Vevo 2100; VisualSonics, Toronto, ON, Canada) was utilized to assess blood flow through the aortic orifice, left common carotid artery, left internal carotid artery, and right renal artery. Mice were randomized in blocks of four to six (control: n ϭ 6; anemia: n ϭ 8) and analyzed in a blinded fashion at baseline and on day 4. Anesthesia was maintained with 1.5% (vol/vol) isoflurane, as previously established for these noninvasive experiments (42, 49) . A 30-MHz transducer was utilized to obtain two-dimensional images, M-mode trace, and Doppler flow velocity spectrum of each respective vessel. Blood flow through the aortic orifice was calculated by measuring the diameter of the aortic annulus at peak systole in a two-dimensional image. For all other vessels, M-mode traces were recorded with a sampling line perpendicular to the longitudinal axis of each respective vessel, and all Doppler flow velocity recordings were measured at the smallest possible intercept angle to vessel flow (Ͻ60°).
Vessel cross-sectional area was calculated from diameter measurements obtained from two-dimensional M-mode images. The velocitytime-integral (VTI) was measured from the intensity-weighted mean velocity tracing of the Doppler spectrum. All measurements were averaged over three cardiac cycles. Stroke volume was calculated from the product of vessel area and VTI. Blood flow measurements were calculated from the product of stroke volume and Dopplermeasured heart rate. Data were unblinded following acquisition and analysis.
Tissue oxygen tension. An Oxyphor G4 probe was utilized to measure focal tissue PO2 (PtO2). As previously described, Oxyphor G4 contains a Pd-porphyrin core, which has been designed to emit phosphorescent light (813 nm) following excitation (637 nm). Molecular oxygen is capable of quenching emission of excited triplet state electrons. In biological media, quenching is highly specific to oxygen, as this is the only small quenching molecule present in sufficiently high concentrations. Therefore, the lifetime of phosphorescence is inversely proportional to the PO2 within its surroundings (8) . For all tissue oxygen tension experiments, isoflurane administration was maintained at 2% (vol/vol) at a flow rate of 2 l/min, as anesthesia depth has been shown to significantly affect PtO2 values (8) .
Brain PtO2 was measured in control (n ϭ 12) and anemic (n ϭ 13) mice. Brain tissue was exposed via a burr hole (1-2 mm in diameter) in the skull to facilitate implantation of a microsensor containing ϳ5 l of the Oxyphor G4 probe. Kidney PtO2 was measured in control (n ϭ 10) and anemic (n ϭ 14) mice. Kidney tissue was exposed via abdominal incision for microsensor implantation. Calibrated probes were placed to ensure that the Oxyphor capsule was located at a depth of 3 mm within the tissue. This would place the brain and kidney probes within the midbrain region and the renal medullary region, respectively. After probe stabilization, organ PtO2 values were recorded with a PMOD 1000 frequency domain phosphorometer (Ox-ygen Enterprises, Philadelphia, PA) every 10 s and averaged over a 10-min period.
In vivo HIF/luciferase assessment. HIF/luciferase bioluminescence was measured in control (n ϭ 11) and anemic (n ϭ 12) mice at baseline and on day 3 and day 4. D-Luciferin was administered to mice (50 g/g ip; Promega, Madison, WI) 10 min before measurement in an IVIS Lumina II imaging system (Perkin-Elmer, Waltham, MA). Dorsal and ventral bioluminescence images were measured over 10-s exposure times. Four hours after final imaging, mice were euthanized and their organs harvested and immediately snap-frozen in liquid nitrogen for molecular analysis.
Bioluminescence data was collected in a blinded and randomized fashion. Total HIF/luciferase radiance flux was measured over regions of interest (ROIs) on dorsal and ventral images. Qualitative analysis of HIF-ODD mice has consistently demonstrated increased HIF/luciferase radiance produced from the dorsal right region compared with the dorsal left region (33, 41, 42) . To determine the anatomic explanation for these differences, ex vivo whole body magnetic resonance images of wild-type mice were assessed (n ϭ 3; Fig. 1 ). Images were acquired using a 7.0 T, 40-cm-diameter bore magnet (Varian, Palo Alto, CA) and a 3D spin echo sequence (repetition time ϭ 650 ms, echo time ϭ 24 ms, no. of averages ϭ 3, field of view ϭ 12 ϫ 3.7 ϫ 3.7 cm, matrix size ϭ 960 ϫ 296 ϫ 296, giving an image with 125-m isotropic resolution). Observational analysis was conducted by comparing anatomic planes over the right and left kidneys. Assessment of the transverse cross-section plane demonstrated the right kidney as being placed more superficially and less shielded by paraspinal structures compared with the left kidney ( Fig. 1A) . A greater degree of left kidney shielding by paraspinal structures suggests an attenuation of HIF/luciferase radiance produced by the left side. Assessment of the left and right sagittal planes demonstrated an increased surface area of superficially localized liver tissue on the right side compared with the left (Fig. 1, B and C) . Liver HIF-1␣ protein and HIF/luciferase radiance in vitro has been demonstrated to profoundly increase as anemia becomes more severe (42) , which may contribute to the greater HIF/luciferase signal observed on the right dorsal side. Therefore, the combination of increased right renal exposure, liver-induced amplification of right dorsal HIF-luciferase radiance, and attenuation of the left side by paraspinal muscles may contribute to the increased HIF-luciferase radiance observed over the right dorsal region relative to the left dorsal region. These results were utilized to define the ROIs for HIF/luciferase bioluminescence assessment.
Dorsal ROIs assessed were total dorsal side, whole kidney region (area between forelimb and hindlimb), left kidney region (left half of "kidney region" ROI), and right kidney ϩ liver region (right half of kidney region ROI). Ventral ROIs assessed were total ventral side, abdomen region (area between the diaphragm and mid-knee), liver region (anterior half of "abdominal region" ROI), and gut region (posterior half of abdominal region ROI). Images were analyzed with Living Image software (Perkin Elmer). Data were unblinded following analysis.
RNA isolation protocol. Erythropoietin (EPO) gene expression levels were assessed in kidney, brain, liver, and heart tissue (control n ϭ 5, anemia n ϭ 6). Heme oxygenase (HO-1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene expression were measured only in brain tissue. Tissue samples used to extract RNA were immediately frozen in liquid nitrogen and stored at Ϫ80°C until analysis. Approximately 50 mg of tissue was placed in a 2-ml tube containing 1.4-mm ceramic spheres and 1 ml of TRIzol (cat. no. 15596026; Invitrogen, Life Technologies, Burlington, ON, Canada) and homogenized using The Fast Prep-24 system. After centrifugation, samples were transferred into new 1.5-ml tubes with 200 l of chloroform and centrifuged at high speed for 15 min. The clear supernatant, containing the RNA fraction, was subsequently transferred to a new 1.5-ml tube with 500 l of isopropanol. Samples were then purified using a Qiagen RNeasy Kit (Qiagen, Hilden, Nordrhein-Westfalen, Germany). DNase treatment was performed on-column with RNase free DNase set (Qiagen). RNA integrity was confirmed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga, ON, Canada).
Concentrations of isolated RNA were quantified using a spectrophotometer (NanoDrop, ND1000; Thermo Scientific, Mississauga, ON, Canada) before cDNA synthesis. Protein contamination was assessed by measuring absorbance at 280 nm. Generation of cDNA was completed using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems by Thermo Fisher Scientific, Baltic) according to the manufacturer's instructions using 1,000 ng of RNA per sample. Reverse transcription-PCR reactions were performed in a T100 thermal cycler (Bio-Rad).
Real-time PCR. Quantitative real-time PCR (qPCR) for detection of EPO, HO-1, and GAPDH expression was performed separately, utilizing the AB 7500 Real-Time PCR System. The following protocol was followed: one stage at 50°C for 2 min, two stages at 95°C for 5 min, and then 40 cycles of 95°C for 15 s, 58 (EPO) or 60°C (HO-1, GAPDH), for 1 min, followed by a dissociation curve to assess specificity of the reaction. Samples were run in duplicate 25-l reactions utilizing Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). Primer set-specific efficiencies were determined using real-time PCR (AB 7500 Real-Time PCR System and CFX Cerebrovascular reactivity. Cerebrovascular reactivity was assessed in control (n ϭ 6) and anemic (n ϭ 6) mice at baseline and on day 4. Mice were randomized in blocks of four before blinded data acquisition. Following endotracheal intubation, mice were placed on a small animal ventilator (135 cycles/min; Kent Scientific, Torrington, CT). Common carotid and internal carotid artery blood flow parameters were assessed following the ultrasound biomicroscopy methodology.
Right Sagittal Plane Left Sagittal Plane
As previously described, majority of the blood flow through the common carotid artery has been shown to pass through the internal carotid artery directly supplying the brain microvasculature, making it a good surrogate measure for intracerebral reactivity (26) . Under 1.5% isoflurane inhalation, mice were subjected to a cycling of room air (normocapnia: 21% O 2, 79% N2) and a carbon dioxide challenge (hypercapnia: 5% CO2, 30% O2, 65% N2). Mice underwent two carbon dioxide challenges during each time point. A period of 5 min between measurements was allotted for mice to return to baseline following each carbon dioxide challenge. Data were unblinded following acquisition and analysis.
Statistical analysis. For each major outcome, sample size calculations were made a priori assuming a power of 0.8, with an ␣ of 0.05 from previous experimental data (3, 41, 42) . Based on these, the following minimum sample sizes were calculated for each respective experiment: "ultrasound biomicroscopy," n ϭ 4; "tissue oxygen tension," n ϭ 6; "in vivo HIF/luciferase assessment," n ϭ 8; "mRNA transcription of downstream targets of HIF-1␣," n ϭ 4; and "cerebrovascular reactivity," n ϭ 5. Actual sample sizes were increased to improve the power of the statistical analysis.
All data were analyzed by a statistician independent from the experimental process. Statistical analysis was conducted using statistical analysis system (SAS) software (Cary, NC). Inspection of the histograms of the outcomes did not reveal any severe departure from normality. A Student's t-test used to assess comparisons of two groups. A two-way analysis of variance (ANOVA), with repeated measures when applicable, was used to assess Hb concentrations, spleen and liver weights, S pO2, vessel-specific blood flow, HIF/ luciferase radiance, and cerebrovascular reactivity. For two-way ANOVA tests, a false discovery rate approach was utilized to adjust P values for multiple comparisons when appropriate. For Hb concen-tration, we planned a priori to compare all groups within each respective time points, resulting in 23 comparisons. For S pO2, vessel blood flow, HIF/luciferase radiance, and cerebrovascular reactivity analysis, we planned a priori to make four comparisons for each analysis: 1) control versus anemia at the baseline time point; 2) control versus anemia at the day 4 time point; 3) baseline versus day 4 in the control group; and 4) baseline versus day 4 in the anemia group. All data are presented as means Ϯ SD. Unadjusted and adjusted P values are presented. An adjusted value of P Ͻ 0.05 (2-tailed) was taken to be statistically significant.
RESULTS

RBC-specific antibody induced moderate anemia.
A single injection of RBC-specific antibody induced moderate anemia with a nadir Hb concentration of 89 Ϯ 13 g/l on day 4 (n ϭ 16) compared with a baseline value of 147 Ϯ 7 g/l and a control value of 143 Ϯ 7 g/l (n ϭ 17; unadjusted P Ͻ 0.001, adjusted P Ͻ 0.001; Fig. 2 ). Double-injected mice developed severe anemia, with Hb concentrations being reduced to 54 Ϯ 5 g/l on day 5 (n ϭ 6) compared with single-injected mice with a value of 95 Ϯ 11 g/l (unadjusted P Ͻ 0.001, adjusted P Ͻ 0.001) and a control value of 139 Ϯ 10 g/l (unadjusted P Ͻ 0.001, adjusted P Ͻ 0.001). Hb values for mice receiving a single injection and double injection returned to control values by 14 days following injection.
Intravascular hemolysis and splenic sequestration as mechanisms for RBC clearance. Plasma Hb levels rose to a peak value of 1.2 Ϯ 0.3 g/l at 6-h following RBC-specific antibody injection (n ϭ 6), which was higher than a control value of 0.3 Ϯ 0.3 g/l ( Fig. 3A ; n ϭ 6, unadjusted P ϭ 0.002). No gross hematuria was observed in any mice. By day 1 following injection, plasma Hb concentrations in the anemia group were reduced to 0.5 Ϯ 0.3 g/l, which was not significantly different from the control value of 0.5 Ϯ 0.3 g/l (n ϭ 6, unadjusted P ϭ 0.93; Fig. 3A ). Spleen weight increased to a maximum of 0.21 Ϯ 0.04 g by day 4 after RBC-specific antibody injection (n ϭ 9), more than twofold higher than a control value of 0.09 Ϯ 0.01 g (n ϭ 8, unadjusted P Ͻ 0.001; Fig. 3B ). No difference in liver weight was observed between anemic and control mice (Fig. 3C ). 
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CARDIOVASCULAR AND HYPOXIC RESPONSES TO ANEMIA Increased peripheral arterial oxygen saturation during anemia. S p O 2 values increased in anemic mice (n ϭ 6) from a baseline value of 97.1 Ϯ 0.6% to a day 3 value of 98.1 Ϯ 0.2 and a day 4 value of 97.8 Ϯ 0.4% (n ϭ 6, unadjusted P ϭ 0.02, adjusted P Ͻ 0.05; Fig. 4 ). Day 4 S p O 2 values were higher than a control value of 97.0 Ϯ 0.8% (n ϭ 6; unadjusted P ϭ 0.01, adjusted P Ͻ 0.05).
Heterogeneous organ-specific blood flow during anemia. Cardiac output, renal artery, and common carotid artery flow did not change during anemia. Internal carotid artery flow increased from a baseline value of 0.3 Ϯ 0.1 ml/min to 0.6 Ϯ 0.1 ml/min during anemia (unadjusted P Ͻ 0.001, adjusted P Ͻ 0.001; Fig. 5 ). For all control mice, blood flow for all vessels did not differ from anemic mice at baseline and did not change on day 4.
Moderate anemia induced renal-specific tissue hypoxia. During anemia, kidney P t O 2 was reduced to a value of 13.1 Ϯ 4.3 mmHg (n ϭ 10) compared with a control value of 20.8 Ϯ 3.7 mmHg (n ϭ 14; P Ͻ 0.001; Fig. 6 ). Brain P t O 2 of anemic mice was 22.7 Ϯ 5.2 mmHg (n ϭ 13), which was not significantly different from a control value of 23.4 Ϯ 9.8 mmHg (n ϭ 14, P ϭ 0.59).
Increased dorsal HIF/luciferase radiance from kidney and liver region. In control mice (n ϭ 11), HIF/luciferase radiance did not change in any dorsal ROI assessed (Fig. 7) . In anemic mice (n ϭ 12), "total dorsal side," "whole kidney region," and "left kidney region" HIF/luciferase radiance did not change (Fig. 7, B-D) . "Right kidney ϩ liver region" HIF/luciferase radiance increased from a baseline value of 5.30 ϫ 10 7 Ϯ 1.23 ϫ 10 7 p/s to a day 4 value of 6.72 ϫ 10 7 Ϯ 1.63 ϫ 10 7 p/s (unadjusted P ϭ 0.01, adjusted P ϭ 0.04; Fig. 7E ). In addition, a change in day 4 "right kidney ϩ liver region" HIF/luciferase radiance values from baseline in anemic mice was 1.42 ϫ 10 7 Ϯ 1.37 ϫ 10 7 p/s, which was higher than a control value of Ϫ0.59 ϫ 10 7 Ϯ 1.31 ϫ 10 7 p/s (P ϭ 0.002). 
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CARDIOVASCULAR AND HYPOXIC RESPONSES TO ANEMIA Increased ventral HIF/luciferase radiance from gut region. In control mice (n ϭ 11), HIF/luciferase radiance did not change in any ventral ROI assessed (Fig. 8 ). In anemic mice (n ϭ 12), "total ventral side," "abdomen region," and "liver region" HIF/luciferase radiance did not change (Fig. 8, B-D) . "Gut region" HIF/luciferase radiance at the day 4 time point was 4.38 ϫ 10 8 Ϯ 4.00 ϫ 10 8 p/s, which was higher than a control value of 2.36 ϫ 10 8 Ϯ 0.93 ϫ 10 8 p/s (unadjusted P Ͻ 0.001, adjusted P Ͻ 0.001; Fig. 8E ). In addition, change in day 4 gut region HIF/luciferase radiance values from baseline in anemic mice was 1.68 ϫ 10 8 Ϯ 3.48 ϫ 10 8 p/s, which was higher than a control value of Ϫ1.08 ϫ 10 8 Ϯ 1.28 ϫ 10 8 p/s (P ϭ 0.02).
Organ-specific increase in mRNA transcription. During anemia (n ϭ 6), kidney EPO mRNA transcription increased 20-fold relative to control mice (n ϭ 5, P Ͻ 0.001; Fig. 9A ).
Brain and liver EPO mRNA transcription increased twofold relative to control mice (brain: P Ͻ 0.001; liver: P ϭ 0.003). Heart EPO mRNA transcription was not significantly different in anemic mice relative to control mice (P ϭ 0.35). Brain HO-1 mRNA levels increased by 38% in anemic mice relative to control mice (P ϭ 0.01), and GAPDH mRNA levels increased by 18% in anemic mice relative to control mice (P ϭ 0.002; Fig. 9B ).
Carotid cerebrovascular reactivity is maintained during anemia. During anemia (n ϭ 6), common carotid artery and internal carotid artery reactivity to CO 2 were not significantly different from control values (n ϭ 6; unadjusted P Ն 0.14, adjusted P Ն 0.18; Fig. 10 ).
DISCUSSION
Moderate subacute anemia causes renal tissue hypoxia. We assessed the cardiovascular and hypoxic cellular responses to moderate subacute anemia of an intermediate duration, with a focus on the kidney and brain. Our experimental data provided clear evidence that moderate subacute anemia resulted in a profound level of renal tissue hypoxia, as characterized by a reduction in kidney P t O 2 , an increase in regional HIF/luciferase radiance in vivo, and a substantial increase in EPO mRNA level at a Hb concentration consistent with moderate anemia (ϳ90 g/l). These data compliment previous experimental studies that assessed the impact of acute anemia on renal tissue hypoxia (15, 32, 42, 43) . These studies demonstrate similar hypoxic responses in the kidney. Of interest is that the Hb threshold associated with a reduction in PO 2 (43) , an increase in renal HIF-␣ expression, and an increase in HIF-dependent mRNA levels (42) occurred at an Hb concentration near 90 g/l. Thus, our current data are consistent with previous experimental studies in acute anemia and demonstrate the novel finding that renal tissue hypoxia occurred during moderate subacute anemia (Hb ϳ90g/l) at an intermediate time point of 4 days.
In the current study, we did not observe any increase in renal blood flow during moderate anemia (Hb ϳ90 g/l) utilizing ultrasound biomicrosocpy. This is consistent with our previous Fig. 6 . Renal tissue oxygen tension (PtO2) decreased in anemic mice (n ϭ 14) relative to controls (n ϭ 10; #P Ͻ 0.001 vs. control). Brain PtO2 did not change during anemia (n ϭ 14) relative to control (n ϭ 12). All data were analyzed by t-tests.
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CARDIOVASCULAR AND HYPOXIC RESPONSES TO ANEMIA findings assessing graded hemodilutional anemia (42) . No increase in renal blood flow was observed at Hb values near 90 or 70 g/l. However, at a lower Hb value near 50 g/l, we measured a 40% increase in renal blood flow. Thus, we did not observe any increase in renal blood flow at Hb values near 90 g/l in two different models of anemia. Johannes et al. (15) reported a 30% increase in renal blood flow during hemodilution to Hct values near 23 and 13%. The absent or relatively small increase in renal blood flow likely contributed to the occurrence of renal tissue hypoxia in both models.
The renal blood flow response to anemia is proportionally much smaller than the increase observed in cerebral blood flow (ϳ50 -100%). This relative difference in organ blood flow likely explains why the kidney becomes profoundly hypoxic, whereas brain oxygenation is largely preserved during anemia (12, 32, 42) . Thus, a small or undetectable increase in renal blood flow during both acute and subacute anemia likely contributed to inadequate renal oxygen delivery and the asso-ciated renal tissue hypoxia. The role of renal hypoxia remains to be elucidated in terms of its potential importance as a physiological signaling mechanism and/or potential mechanism of organ injury.
Anemia-induced renal hypoxia as a potential mechanism for acute kidney injury. As of yet, a causal relationship between anemia, renal tissue hypoxia, and AKI has not yet been clearly established. However, a number of completed clinical and experimental studies have provided evidence that support this possible mechanism. In perioperative medicine, there is a clear association between preoperative anemia and AKI in noncardiac and cardiac surgery (17, 18, 20, 28) . Furthermore, there is evidence that acute hemodilutional anemia during cardiopulmonary bypass is associated with renal dysfunction and dialysis dependence (7, 16, 25, 39) . Unfortunately, renal P t O 2 was not measured in these clinical studies, preventing the conclusion that tissue hypoxia was responsible for the observed renal dysfunction. However, as reviewed above, several experimen- Fig. 7 . A: characteristic dorsal hypoxia-inducible factor (HIF)/luciferase bioluminescence images of control (n ϭ 11) and anemic (n ϭ 12) mice. B-D: HIF/luciferase bioluminescence in the "total dorsal side," "whole kidney region," and "left kidney region" did not change in control or anemic mice. E: "right kidney ϩ liver region" HIF/luciferase radiance values on day 4 were higher than baseline values (*P ϭ 0.04 vs. baseline, adjusted for 4 comparisons). All data were analyzed by 2-way repeated-measures ANOVA.
R617
CARDIOVASCULAR AND HYPOXIC RESPONSES TO ANEMIA tal studies and our new data have demonstrated that both acute and subacute anemia are associated with renal tissue hypoxia (5, 38, 41, 43) . Specifically, acute hemodilution on cardiopulmonary bypass has been shown to cause renal tissue hypoxia in both rat and pig models (5, 38) . Of interest, the renal medulla may be more susceptible to anemia-induced tissue hypoxia, as indicated by more profound reductions in PO 2 and increases in HIF-luciferase response as compared with the renal cortex (5). This may be due to the medulla's relatively high metabolic requirements and attenuated blood supply (5, 38) . Further evidence linking renal hypoxia and AKI has been reviewed recently (31) . For example, renal tissue hypoxia has been measured following experimental models of contrastinduced nephropathy (24) , sepsis-induced kidney injury (46) , and ischemia-reperfusion injury (30) . Additional experimental data provide a potential link between renal medullary tissue hypoxia and urinary PO 2 , suggesting that urinary PO 2 may be an early real-time biomarker for tissue hypoxia (21) . Preliminary clinical data demonstrate evidence of a direct link between reduced urinary PO 2 and AKI in both adult (9) and pediatric patients (40) undergoing cardiac surgery. These studies raise the possibility that anemia-induced renal hypoxia may cause kidney injury. However, further clinical studies will be required to establish a causal link between anemia, renal tissue hypoxia, and AKI.
Cardiovascular adaptation to anemia is crucial to maintain brain P t O 2 . Assessment of cerebral perfusion in the current experimental model of subacute anemia demonstrates preservation of cerebrovascular reactivity to CO 2 and a specific (ϳ80%) increase in internal carotid blood flow, which is characteristic of preferential redistribution of blood flow to the brain, as also observed in acute anemia (42, 43) . This likely contributed to the maintenance of cerebral P t O 2 levels in the current study due to preferential oxygen delivery to the brain. This is thought to be achieved by active mechanisms that promote cerebrovascular dilation (13, 14, 32 Fig. 8 . A: characteristic ventral hypoxiainducible factor (HIF)/luciferase bioluminescence images of control (n ϭ 11) and anemic (n ϭ 12) mice. B-D: "total ventral side," "abdomen region," and "liver region" HIF/ luciferase bioluminescence did not change in control or anemic mice. E: "gut region" HIF/ luciferase radiance values on day 4 were higher than control values (#P Ͻ 0.001 vs. control, adjusted for 4 comparisons). All data were analyzed by 2-way repeated-measures ANOVA.
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CARDIOVASCULAR AND HYPOXIC RESPONSES TO ANEMIA adaptive increase in cerebral blood flow has also been demonstrated in other models of anemia, including acute hemodilution and chronic sickle cell anemia (3, 41) . Despite the preserved tissue PO 2 level during subacute anemia, we demonstrated an increase in HIF-dependent mRNA levels of EPO, HO-1, and GAPDH. This finding is consistent with other experimental studies that have also demonstrated increases in HIF-dependent mRNA expression in the absence of a clear reduction in brain P t O 2 (12, 23) . These data suggest that the adaptive cardiovascular responses did not completely match cerebral oxygen demand and that mild degrees of cerebral tissue hypoxia occurred. This also suggests that the biological sensitivity of cerebral cells to mild tissue hypoxia is greater than the sensitivity of our PO 2 detection methodologies. Clinical evidence that the adaptive cerebrovascular responses are protective is provided by the observation that cerebral injury is much less prevalent than renal injury in anemic patients undergoing surgery (17, 20, 28) .
Evidence of hierarchical tissue hypoxia during subacute anemia. In our model, we observed evidence of increased regional splanchnic HIF/luciferase activity in vivo and increased hepatic EPO mRNA levels. Consistent with this finding, other experimental studies of hemodiluitonal anemia have demonstrated reduced splanchnic PO 2 (43) . In addition, no increase in EPO mRNA level was detected in the heart. By looking at the relative EPO mRNA level increases, we ob-served a hierarchical response to hypoxia by which the kidney demonstrates the largest response, with an intermediate or lower response in the liver and brain and no indication of a response in cardiac tissue. Differential responses in organ blood flow and hypoxic mRNA levels were also observed in models of acute hemodilutional anemia (42, 43) . The potential physiological significance of these relative differences in organ-specific hypoxic cellular responses to anemia requires a more complete assessment.
Mechanism of RBC-induced anemia. Characterization of this model of subacute anemia suggests that the reduction in Hb was secondary to a degree of early acute intravascular hemolysis and subsequent splenic sequestration of RBCs. This was demonstrated by a slight increase in plasma Hb concentrations at 6 h, followed by a marked increase in spleen weight on day 4. The temporal relationship of increased spleen weight and decreased Hb concentration supports the finding of previous studies that the spleen is a major site of RBC sequestration (4) . It was important to demonstrate that this model did not cause systemic hypoxemia, as indicated by a physiological increase in S p O 2 at the nadir Hb at 4 days. Previous studies characterizing the effect of TER119 and other anti-RBC antibodies on RBC hemolysis have demonstrated evidence of gross hematuria utilizing higher doses of anti-RBC antibodies (4, 34) . We chose the lower dose of antibody to minimize the degree of hemolysis in our study. We observed a mild degree of plasma Fig. 9 . A: kidney, brain, and liver erythropoietin (EPO) mRNA levels were greater in anemic mice (n ϭ 6) compared with control values (n ϭ 5; #P Յ 0.003 vs. control). Heart EPO mRNA levels did not change in anemic mice. B: brain heme oxygenase (HO-1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels were greater in anemic mice compared with control values (#P Յ 0.01 vs. control). All data were analyzed by t-tests.
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CARDIOVASCULAR AND HYPOXIC RESPONSES TO ANEMIA Hb (1.2 g/l) at 6 h following antibody injection. Although no gross hematuria was observed, the possibility that acute hemolysis led to some degree of renal injury could not be ruled out in this study. Furthermore, this degree of hemolysis at 6 h may have contributed to renal tissue hypoxia observed at 4 days. However, the concurrence of the nadir Hb and maximal degree of renal tissue hypoxia at 4 days support the mechanism of inadequate oxygen delivery by RBCs at a Hb value near 90 g/l without an increase in renal blood flow. This model of moderate subacute anemia of an intermediate duration may enable us to further assess the mechanisms of anemia-induced organ injury and mortality.
Limitations. There are limitations to our study. We only studied one level of anemia over time. Although previous studies have demonstrated a clear relationship between the level of anemia and degree of hypoxic signaling (42), we did not undertake such a comparison in this study. A single injection of RBC-specific antibody did not result in gross hematuria or mortality. Although we were able to demonstrate that a second dose of antibody resulted in severe anemia, these animals were not studied further, as the goal of the experimental study was to assess the impact of moderate anemia on tissue hypoxia. Pilot studies demonstrated that lower antibody doses did not induce anemia and that higher antibody doses were associated with mortality (n ϭ 3). We did not provide any evidence of organ dysfunction or injury in this model, and therefore, we did not conclusively demonstrate that tissue hypoxia could lead to organ injury. We note that the early small rise in free Hb observed following RBC-specific antibody administration might influence renal function in this model. Measurements of kidney weight and markers of renal function would be of value to further characterize this model of anemia. We did not study tissue-specific luciferase activity in vitro. As a result, we could not report on HIF/luciferase levels within brain tissue, as brain HIF/luciferase radiance is shielded by the skull in vivo. Therefore, we have shown HIF/luciferase activity in evidence of tissue hypoxia and hypoxia-related gene expression in anemia (EPO, HO1, and GAPDH), but we were unable to definitively establish tissue hypoxia ex vivo. Assessment of HIF/luciferase is a well-established technique to confirm tissue hypoxia; however, it is dependent upon biodistribution and excretion rates of luciferin (22) , and hypoxiaindependent mechanisms of hydroxylase activity have been reported, including tricarboxylic acid intermediates and iron chelators (37) . It will be important for future studies to evaluate the tissue, cell, and molecular mechanisms due to anemia in greater detail. Finally, only male mice were included in this study due to the variability in baseline hemoglobin concentrations between male and female FVB mice (35) . This may limit the overall generalizability of reported outcomes.
Perspectives and Significance
The current study demonstrated that the kidney is more susceptible to hypoxia than the brain during moderate subacute anemia. Our data provided clear evidence of renal tissue hypoxia, which was in part due to a lack of increase in renal blood flow. Anemia-induced renal hypoxia was manifested by a reduction in kidney P t O 2 and a profound increase in hypoxic cellular response. Evidence of cerebral tissue hypoxia was less clear and likely due to elevated cerebral blood flow and preserved cerebrovascular reactivity. Despite no significant change in brain P t O 2 , an increase in HIF-dependent mRNA transcription suggests subtle degrees of tissue hypoxia. These experimental data may help us define the role of tissue hypoxia as a mechanism of organ injury in anemia.
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